ABSTRACT The development of the avian embryo is used to demonstrate the potential for future advances in genomic strategies. A mathematical model is derived to indicate the most useful approaches for using chimeras to access the chicken genome. A review of the way that germ cells are processed through the gonad highlights the need for such an analysis of cell kinetics and indicates that the right rudimentary gonad may also be a useful area for research into germ cell and stroma signalling. Studies on the B cells of the immunological system show that antibody diversity is achieved by gene splicing and that these cells are capable of inducing homologous recombination in a wide range of chromosomes. This property opens up a whole strategy for chromosome manipulation that may be particularly useful in exploiting the properties of the avian microchromosome system.
INTRODUCTION
The past decade has seen an enormous resurgence in research on the vertebrate embryo. There are two reasons for this. First, it provides great opportunities for applying the techniques of molecular biology to some fundamental questions of cellular organization. Second, it is a particularly robust system, as can be seen by techniques such as the production of chimeras. As a result, the vertebrate embryo is the source of some remarkable discoveries as well as being the system of choice for many approaches to genetic engineering.
Within this general area of research, the avian embryo has had a rather uneven treatment. Recent developmental work has concentrated largely on the mouse and on Drosophila, for which a database of classical genetics has provided a basic tool that has largely been missing from avian work. Because of this, the enormous potential of the avian embryo has been rather overlooked and the poultry industry has undervalued this asset. As the human genome project comes to fruition, much of the information that it produces will be relevant to understanding the avian system. What is already emerging, however, is the fact that the organization of the bird's genome is significantly different. It is, for example, only 37% of the size of the human genome. The karyotype consists of a large number of microchromosomes that carry about 28% of the genome; moreover, the female is the heterogametic sex, with the Z chromosome carrying about 7% of the genome and the W containing less than 2% (Bloom et al., 1993) .
The exploitation of the properties of the avian genome provides great opportunities of both intellectual and commercial interest. This potential is displayed most conspicuously during the developmental process, and can be illustrated in the domestic fowl by considering the changes that occur in the establishment of specific cell lineages from the pluripotent blastoderm. The first section will therefore deal with chimera formation. The second section considers the primordial germ cell as the purveyor of genetic stability from one generation to the next. By contrast, the third section deals with the antibody-producing B cells as the originators of cellular variability. Finally, these examples will be related to genetic strategies for the future. Spemann (1938) demonstrated that it was possible to form vertebrate chimeras by mixing amphibian cells. The technique was first used in birds by Weston (1963) , who used tritiated thymidine to label the DNA and follow the lineage of these cells. Subsequently, Le Douarin (1969 , 1973 used nucleolar differences to identify the cell types in quail-chicken chimeras and the technique has since been used extensively (Le Douarin and McLaren, 1984) .
CHIMERAS
In the context of this symposium, most of the interest lies in using chimeras as a way of obtaining access to the germline by using either genetically manipulated blastodermal cells (Etches, 1997) or similarly treated primordial germ cells (PGC) from a donor embryo (Petitte, 1997) . All of these techniques use the donor cells to carry the foreign DNA and much depends, therefore, on the efficiency with which these cells can be integrated into the chimera. Two techniques have been used to FIGURE 1. Changes in the ratio of hybrid (population B) and pure bred (population A) offspring from a chimeric hen (top) and cockerel (bottom). The cockerel contains relatively few donor-derived clones and the offspring from these sperm decrease in frequency with time, suggesting they are being out competed by the endogenous line. enhance this process. In the approach used by Carsience et al. (1993) , the recipient embryo was exposed to g radiation prior to the addition of donor cells. In the alternative approach, Vick et al. (1993a) used the cytotoxic drug busulfan to sterilize the recipient embryo prior to injecting genetically manipulated donor PGC to repopulate the gonad (Vick et al., 1993b; Bresler et al., 1994) .
In Appendix 1, a model is developed to analyze chimera formation, which can be applied to these two experimental approaches. In the experiments of Carsience et al. (1993) female germline chimeras were produced by introducing 400 donor cells into a blastoderm, where roughly 20,000 cells would form the embryo. In this case, roughly 2% of the offspring from these chimeras might be expected to be donor cell derived (i.e., 400 out of 20,000). In fact, the number of offspring derived from donor cells was quite variable, and 19 out of 473 (i.e., 4%) were of this type. This doubling in the numbers obtained was attributed to the g radiation that was given to the embryo prior to cell mixing. The effect of the radiation was to compromise the cell division of the recipient cells relative to those of the donor population and the dose was chosen to induce a time delay of approximately 24 h.
The model summarized in Equation 5 of Appendix 1 indicates that the effect of delaying the development of the recipient cells (Population A) will be magnified exponentially in relation to the contribution made by the donor cells (Population B). The effect of this change on the ratio of offspring produced by the chimera can be calculated for a variety of conditions. With a cell, doubling time v A of 24 h in the germline (Table 1) and a developmental delay (T) of 24 h due to irradiation, it can be shown that the ratio of donor to recipient offspring is roughly 4%, which is in line with the results obtained experimentally.
In the alternative approach, a dose of 50 mg per egg of the chemosterilant busulfan was injected into eggs at the start of incubation and the number of gonocytes in the embryonic gonad was reduced from 1,104 to 384 per square millimeter in the female and from 465 to 170 per square millimeter in the male (i. or approximately 22% of the offspring in this situation would be expected to be derived from donor germ cells compared with the 26% found (Vick et al., 1993a) .
The model developed in Appendix 1 is useful, therefore, in showing how delaying cell division or introducing cell mortality in the recipient cell lineages can influence their contribution to germline chimeras. The cell kinetic approach has, however, other benefits. It is apparent from Equation [6] of Appendix 1 that if the germ cells in a chimeric bird continue to undergo mitosis after the start of breeding, the ratio of the two genotypes in the gametes will change depending upon their relative rates of proliferation. This situation occurs in the male, in which spermatogenesis continues into the adult, but not in the female, in which oogenesis is completed by the time of hatching. The offspring of a chimeric cock, produced by the methods described by Vick et al. (1993b) have, therefore, been compared with those of a similar chimeric hen over a period of 6 mo. The results show that there was a progressive decline in the proportion of hybrid offspring from the male but not from the female (Figure 1 ). This effect is predicted by Equation [7] of the model, which shows that the ratio of gametes from the two cell lines in the testis will continue to change during the breeding season, so that plotting the natural logarithm of the ratio of the two strains will be directly related to age with a slope dictated by the differences in cell dynamics. It is, therefore, obvious that if the genetically engineered germ cells that are introduced into a chimeric animal have a cell cycle that is slower than those of the recipient cell lines, the number of transgenic offspring that are produced will progressively fall, whereas if the use of the strains was reversed they would rise during the breeding season. It is also apparent from Figure 1 that the simple fall in the ratio of offspring would not be apparent if large numbers of clones of spermatogonia came into maturity at different times. Thus, if germline chimeras are to be used to genetically engineer the domestic fowl, the efficiency of the process will depend greatly on a better understanding of the cell kinetics of the lineages used. It is surprising that for an industry with a large involvement in breeding success and egg production very little work is done on the cellular kinetics of the gonadal tissues. Do oocytes mature in the ovary in relation to the sequence of entry of PGC into the germinal ridge? Evidence from the mouse suggests that ova do not mature at random and that the sequence may be influenced by the time at which they enter meiosis in the embryo (Polani and Crolla, 1991) . Perhaps the quality of gametes is influenced by cell kinetics as much as by genome selection.
GERM-CELL PROCESSING
Much of the interest in chimera production relates to its possible use as a way of accessing the germline. This entrance to the germline has been achieved for both blastodermal and primordial germ cell lineages, but less progress has been made with establishing embryonic stem cells or primordial germ cells in cultures. The problem is undoubtedly one of growth factors and their influence on germ cell processing. It is, therefore, worth considering again the embryology of gonad formation and some of its historical bases.
In 1921 Crew received a 3-yr-old hen that was a good layer and the mother of numerous chicks. It had molted in the autumn of 1920 but in April, 1921 the comb, wattles, and spurs had increased in size, the bird had started to molt again, and it assumed the plumage of a cockerel. The bird was sick with diarrhea, was nursed through the winter, and recovered in the spring of 1922, but at that stage was crowing and fighting. In February the cocky bird was placed with a virgin hen, the birds mated and the semen was found to contain motile sperm. On 16 June, the hen became broody and on 7 July 1922 two chicks were hatched, one male and one female. Both they and their subsequent offspring were perfectly normal. Towards the end of June, however, the cocky bird became ill and on 29 December 1922 it fell into an open drain and drowned. On necropsy, the bird was found to have abdominal tuberculosis, the left ovary was almost entirely destroyed, and there was a testis on the right-hand side. A histological examination showed the testis to be sperm producing.
Birds that show sex changes to varying degrees have been known for thousands of years, but the description by Crew (1923) is almost unique for the completeness of the documentation and it is therefore worth analyzing in detail. The bird was obviously a female (genotype WZ). In birds, the female normally has a functional left ovary and a rudimentary right gonad, whereas the male has two testes. This situation appears to arise because the female gonad produces the enzyme aromatase, which converts testosterone to estradiol, whereas this enzyme is undetectable in the testis (Imataka et al., 1988) . In addition, there is a left-right asymmetry in the production of estrogen receptors in these gonads (Mizimo et al., 1996) . As a result of these expressions by two genes, only the left ovary produces estradiol and has an estrogen receptor and only the testes accumulate testosterone. In the female, loss of the left ovary results in the stroma of the right gonad developing into a testis.
In terms of cytogenetics it is now clear that it is the interaction of the gonad stroma with the primordial germ cells that dictates whether the PGC are processed as ova or sperm. In Crew's (1923) bird the female (WZ) primordial germ cells differentiated into ova while in the ovary but when this organ was lost and the right gonad developed into a testis the same cells (WZ) were processed into sperm. This same phenomenon can be shown experimentally (Figure 2 ) by making germline chimeras with female PGC in a male embryo (Simkiss et al., 1996) . Ejaculates from cockerels produced in this way contain W (female) chromosomes. Unfortunately, there is no evidence to show that functional W sperm are produced (Tajima et al., 1993) .
This understanding of the cytogenetics of sex determination builds upon the information that has just been discussed on cell kinetics to begin to throw some light on how gonads work. There are, however, other Germ cells in ovary 160,000 Hughes (1963) implications from Crew's (1923) observations. It is known that primordial germ cells settle in considerable numbers in the right gonad during embryogenesis (Yasuda et al., 1992) . In Crew's bird, these cells must have survived for 3 yr in an uncommitted state until the stroma signalled for them to differentiate along a spermatogenesis pathway. As culturing PGC and avoiding differentiation is one of the central problems for their use in transgenic technology, there are clearly additional benefits to be gained from further studies of the right rudimentary gonad, which may be able to do this for long periods of time.
B CELL PROCESSING
The final problem in manipulating the avian genome has come from the difficulty of integrating foreign DNA into germ cell lineages. There are, however, unique tissues in the avian embryo that can achieve homologous recombination and gene targeting with efficiencies that are not approached in any other vertebrate. It is again worth considering how this remarkable phenomenon was discovered and how it relates to avian embryology. It had been suspected for many years that the diverticulum dorsal to the cloaca of birds was a lymph gland (Jolly, 1914) . Despite this, it came as a great surprise to find from the serendipitous discovery of Glick et al. (1956) that this so-called bursa of Fabricius was involved in antibody production. It is now clear, however, that this organ is intimately involved with the stem cells that subsequently produce the B lymphocytes that secrete antibodies.
The antibodies that combine with foreign antigens are highly specific and there are thought to be over 10 9 different types circulating in the blood. Typical antibodies consist of two light and two heavy chains with variable and constant domains. The origin of this degree of diversity is a source of great interest and the avian system shows considerable differences from those of the mammal. Examination of individual follicles of the bursa showed that the different regions possessed different DNA fragments and as a result of cloning such material Reynaud et al. (1987) suggested that the system involved gene conversion by repeated recombination with fragments of DNA that were normally not expressed (pseudogenes). The process has been difficult to study using primary B cells, as these survive for only a limited time in culture, but avian leukosis virus (ALV) induces B cell tumors and a cell line (DT40) has been derived from this source (Bezzubova and Buerstedde, 1994) .
In a study of the DT40 cell line, Buerstedde and Takeda (1991) made a remarkable discovery. The ability of the cells to produce diversification of gene products was not limited to rearranging the light chain immunoglobulin gene by gene conversion. Thus, gene insertion could also occur in the untranscribed ovalbumin gene by a process of homologous recombination. Frequencies of almost 100% were obtained compared with the 10 -3 to 10 -5 rates for normal cells. As the genes that were inserted by these cells had little in common, it was concluded that this remarkable process must be a property of the B cell itself.
FUTURE STRATEGIES FOR THE AVIAN GENOME
The avian genome contains about 50,000 genes situated on chromosomes of disparate sizes. In the domestic fowl, the diploid number is 78, consisting of 10 pairs of megachromosomes and 29 pairs of microchromosomes. Forty years ago, Newcomer (1957) was so unsure of the nature of the latter group that he referred to them as "chromosoids" to distinguish them from the true chromosomes. In the ensuing years, however, it has become apparent that the microchromosomes have centromeres, take up 3 H thymidine, and show no behavioral differences from the larger megachromosomes (Bitgood and Shoffner, 1990) . In fact, microchromosomes account for about 25% of the genomic DNA but with large concentrations of adjacent guanine and cytosine regions, i.e., CpG islands associated with them. The CpG islands are regions of the genome that are not methylated and appear to be involved in gene activation. They are frequently associated with specific genes and with the region where transcription begins (Bird, 1987) . Their association with the microchromosomes of the bird, with relatively few on the megachromosomes has led McQueen et al. (1996) to suggest that the genetic activity of the microchromosomes is close to the maximum known in vertebrates. Thus, far from being genetically inert, the microchromosomes appear to be the most active part of the avian genome. Their small size, however, indicates that they are only rarely involved with chiasma.
In order to realize fully the opportunities that now exist for investigating the avian genome, it is necessary to identify two further advances. The first is the technique of microcell production and use (Langston and Fournier, 1993) . If a cell is exposed to colcemid, the polymerization of the microtubules is blocked and cell division is arrested at metaphase. The cells eventually proceed through this block and become micronucleate, i.e., with chromosomes encapsulated within small regions of the nuclear membrane. If these cells are attached to a solid surface with, for example, concanavalin A, they can be centrifuged so as to enucleate them and produce microcells of chromosomes within membrane vesicles. These microcells can then be fused to recipient cells by using polyethylene glycol or similar cell fusion techniques. By this means, individual chromosomes can be transferred from a donor cell to a recipient cell. Thus, it should be possible to isolate individual chicken chromosomes into microcells and then introduce them into chicken B cells, where homologous recombination is possible with extremely high efficiency (Figure 3) . Transferring the chromosome back into a stem cell would ensure its incorporation into the germline of a suitable chimera.
Rather surprisingly, this experiment has already been done, but with human chromosomes. Using chromosome 11 Dieken et al. (1996) used a microcell to introduce it into a DT40 cell before targeting the b globulin locus and returning the human chromosome to a mouse cell line and expressing the foreign DNA. Thus, the ability of the chicken B cell to induce homologous recombination works even with the chromosomes of another species and the facility for transferring chromosomes clearly opens up a whole new area of genome manipulation. In fact, it will be obvious that as the DT40 cell line is a chicken-derived lineage it may only be necessary to do one transfer.
It may, therefore, be worth concluding with a few comments on this technology of chromosomal manipulation. In the past few years there has been renewed interest in heteroploidy, i.e., deviations from the normal chromosome number. Many forms of heteroploidy are lethal during early embryonic development (Bloom, 1972) but a considerable number of triploid birds have been raised and maintained in a breeding flock (Thorne et al., 1987) . In an interesting study of the nucleolar organizer region on microchromosome 17, Muscarella et al. (1985) have obtained a flock of trisomic fowl in this condition. By crossing this strain over seven generations they have shown that these elevated gene copy numbers can be maintained and that despite the increase in rDNA content the level of rRNA is regulated to diploid levels. This result suggests post-translational control, which, if it was true, would have enormous implications in avoiding some of the adverse effects attributed to trisomy. A similar observation on heteroploidy has been made by Bitgood and Shoffner (1990) , who noted that although chromosome abnormalities in mammals are frequently lethal or produce abnormal individuals "no phenotypic abnormalities have been noted" (Bitgood and Shoffner, 1990:416) in birds carrying unbalanced genomes. They note in particular the Ross × Emperor goose that was not only a cross-species individual but which was also trisomic for chromosome 1. (Shoffner et al., 1979) .
Perhaps the message that should be taken away is that it would be wrong to assume that the avian genome is organized in the same way as the mammalian one. Avian microchromosomes contain relatively few genes per chromosome and show many of the features of yeast artificial chromosomes. It may be possible, therefore, to transfer whole regions of the genome between strains or even species by chromosome technology rather than by the sociologically suspect genetic engineering. If we also wish to use a system of gene transfer with this, then the avian B cell appears to have the perfect mechanism for doing it.
APPENDIX 1 The Effects of Cell Kinetics on the Formation of Chimeric Tissues
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The following equations define the effects of mixing cells from two different embryos and the subsequent composition of the tissues they populate. They are given in a general form but relate specifically to the stem cells that would produce the primordial germ cells of the germline and the B cells of the immunological system. In both cases, the cells are considered to arise in Area I of the embryo (the germinal crescent for PGC and the intraembryonic mesenchyme for B cells) and to migrate from there via the vascular system to Area II (the germinal ridge for PGC and the bursa of Fabricius for B cells) during embryogenesis. The migrating cells can be killed by a variety of cytotoxic agents (busulfan for PGC and cyclophosphamide for B cells).
During the time that the cells are in Area I, the population grows exponentially to produce a number N(t 1 ) of cells (Figure 4 ). This value corresponds to the proliferation of the precursor cells according to the equation:
where N(0) is the initial number of precursor cells; v is their doubling rate; m is their mortality rate; and t is time.
The effect of the time spent in migration (m) is shown as
which is modified to
if there is an effect of survival of migration (S) or a delay in developmental time (T). This model can now be used to identify what happens during chimera formation. The population of endogenous cells (A) is considered as mixing with a population of donor cells (B) that then migrate to Area II (corresponding to the gonad). The relative proportions of the two cell populations at time t will then be:
At this stage, the model makes the obvious prediction that if the two populations of cells behave similarly, the ratios of the daughter cells will simply reflect the number of precursor cells from each population. It is possible, however, to now show what would happen if Embryo A was subjected to various perturbations such as increased mortality (e.g., treatment with a chemosterilant) or mixing of the cell lineages A and B from embryos of different ages or rates of cell division. The ratio of cells in Area II is then given by the general equation This general model can be applied to a wide range of situations, of which two are examined here. Consider first the effect of age. If In the specific case of the gonad the ratio R would determine the offspring of each genotype at the age of first breeding. Equation [6] predicts that the ratio of A to B genotypes should be a function of age, increasing or decreasing exponentially from some value of R as long as cell division continues, with an effect depending on the sign of v A -m A -v B + m B . The natural logarithm of the ratio should be a straight line function of age, with a slope equal to these differences in cell doubling and mortality rates.
Lastly, if it is assumed that there are no differences in the doubling time or the mortality rates of the A and This shows that selective mortalities induced during cell migration have a direct proportional effect on relative cell numbers whereas any delays in developmental processes have a power function effect, if the populations doubling and mortality rates are the same.
